Despite the early expression of NMDA receptors (NMDARs) in the retina, not much is known about their regulation and involvement in plasticity processes during retinal development and synapse formation. Here we report that NMDAR function in the inner retina is developmentally regulated and controlled by ambient light condition. A prominent down-regulation after eye opening of NMDAR function was observed in rat retinal ganglion cells (RGCs), which was prevented by dark rearing the animals for 1 month but was again induced by subsequent light exposure. As shown by molecular analysis of single RGCs, alterations in the subunit composition of NMDAR did not account for the light-dependent regulation of NMDAR function. Immunocytochemistry showed no differences in the NMDAR protein expression pattern between normal and dark-reared animals. In conclusion, our data clearly demonstrate that NMDAR function is modulated during periods of retinal plasticity independent of structural alterations in its subunit composition and thus different from mechanisms observed in higher visual centers.
to the metabotropic glutamate receptor agonists 2-amino-4-phosphonobutyrate (APB) perturbs the neural circuitry mediating the antagonistic center-surround organization found in normal receptive fields (14) .
Despite the essential role of glutamate in the retina, there is still a surprising lack of data about the types of glutamate receptors involved in mediating the various aspects of glutamate signaling and their functional properties during the development of retinal circuitry.
Only little is known about the functional role of NMDA receptors in processes of retinal development and differentiation, and there is still controversy about whether or to what extent this type of glutamate receptor is involved in light-induced signal transmission in the adult retina (8, (15) (16) (17) . Recently, we showed that distinct types of NMDA receptors are differentially expressed in horizontal cells (HCs), amacrine cells (ACs), and RGCs as well as in both synaptic layers (6) . NMDA receptor expression in rat RGCs started shortly before birth and thus about 2 wk before eye opening and transmission of visual signals. This early expression makes it likely that NMDA receptors are associated with plasticity processes during the formation of retinal circuitry, such as, for example, synaptogenesis (18, 19) outgrowth, and stabilization of RGC dendritic processes (20) or formation of on-and off-activity patterns (13) that take place within this developmental period.
In higher brain areas, it has been shown that NMDARs are involved in some forms of experience-dependent plasticity (21, 22) and that periods of plasticity can correlate with changes in NMDAR subunit composition (23) . The first evidence for a developmental regulated plasticity of glutamate receptors also in the retina was given by Xue and colleagues (24, 25) .
In a first attempt to address the question of a prospective role of NMDARs in plastic events in the inner retina and the underlying mechanisms, the present study analyzed the molecular expression profile of NMDAR subunits in single RGCs at different developmental stages and light conditions and correlated it with the functional properties of NMDA receptors in the same cells.
We demonstrate for the first time that NMDAR function in RGCs is altered during development and in response to changes in ambient light conditions. We found that eye opening and the first input of light induced a developmental down-regulation of NMDAR function in RGCs. However, it was possible to prevent this by dark rearing the animals for 1 month. Subsequent light exposure after the period of prolonged darkness again resulted in a down-regulation of NMDAR function. In contrast to higher brain areas, these light-induced effects on NMDAR function were not correlated to alterations in NMDAR subunit composition. Based on our findings, we propose that NMDA receptors are likely to be involved in the formation of retinal synaptic connectivity but play only a minor role in light-mediated signal transmission in the adult inner retina.
MATERIALS AND METHODS

Animals
Retinas from pigmented rats (Brown Norway, Charles River) between embryonic day 17 (E17) and postnatal day 60 (P60) were used. All experiments were in compliance with the ARVO Statement for Use of Animals in Ophthalmic and Vision Research and the animal laws applicable in Germany. Control animals were raised in a diurnal 12 h light-dark cycle (LD). Dark-reared (DR) animals were kept in complete darkness for 1 month from the day of birth. Afterwards, these rats were returned to 5 days of the diurnal light-dark cycle (DR+5LD) to test if light exposure can reverse dark-rearing effects.
Preparation procedure
For preparation of embryonic retinas, staged pregnant rats were anaesthetized with ether and injected with an overdose of Nembutal. Embryos were quickly removed from the uterus and transferred into ice-cold ec1. After decapitation and enucleation, eyes were immersed in ice-cold ec1. Retinas from animals older than P6 were cut into small pieces by means of a razor blade. Retinas were kept in extracellular solution ec1 or artificial cerebral spinal fluid (ACSF), continuously bubbled with oxygen or carbogen (see below), for 1-6 h before being used for recordings. RGCs were identified by the presence of large sodium inward currents by which they can easily be distinguished from displaced amacrine cells at all ages (26) and by their soma size (27) . The size and shape of the sodium currents also served as a control for the integrity of the RGC recorded from. In some cells, the axon was visible with Nomarski optics and served as an additional criterion for identification (Fig.1A, arrow) . The size and sodium current criterion were verified from time to time by recording from retrograde-labeled RGCs by the injection of DiI (5% in DMF, Molecular Probes) into the superior colliculus of neonatal rats. Labeling revealed a 100% correspondence with cells that fulfilled the above criterion.
Electrophysiology
Voltage-clamp experiments on RGCs were performed in the perforated patch mode using extracellular solution ec2. Current-clamp recordings were performed in the whole-cell configuration, using ACSF solution. Retinas in the recording chamber were superfused continuously (1.5-2 ml/min) with oxygenated ec2 or ACSF. For perforated patch recordings, micropipettes (3-6 MΩ) were front-filled with a pipette solution (ic) and back-filled with the same solution plus gramicidin (20 µg/5 ml; Sigma). After reaching 15-25 MΩ, series resistance was usually stable and did not decrease further. Cell capacity and series resistance were then compensated, and recordings were started. Recordings were made with an Axopatch 200A amplifier at a sampling rate of 5 kHz for fast currents and 300 Hz for NMDA currents. Series resistance compensation was usually 60-80%. Data were corrected for liquid junction potentials. Drugs were applied by a fast, computer-driven pressure application system (ALA Scientific Instruments, New York). PCLAMP7 was used for data acquisition and analysis.
Solutions and drugs
Ec1 for preparation and storage of retinas contained (in mM): 150 NaCl, 3 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 10 glucose, pH = 7.37 adjusted with 1 M NaOH. Voltage-clamp recordings were made in a low calcium/magnesium-free ec2 solution containing 130 NaCl, 3 KCl, 0.2 CaCl 2 , 10 HEPES, 10 glucose, and 20 tetraethylammoniumchloride, pH = 7.37 adjusted with 1 M NaOH. When magnesium was present in the extracellular solution, the NMDA receptor currents showed the characteristic voltage-dependent magnesium block. Even in magnesium-free solution, a reduction of the NMDA receptor current was present at membrane potentials more negative than -60 mV, due to residual magnesium in the tissue (see Fig. 1D The GABA antagonists bicuculline (50 µM) and picrotoxin (500 µM), the glycine antagonist strychnine (200 µM), the AMPA/kainate antagonist DNQX (50 µM), and the L-and N-type calcium channel blocker nifedipine (50 µM) and ω-conotoxinGVIA (5 µM) were added to the bath solution to block synaptic transmission to RGCs in retinal slices.
Single-cell RT-PCR
After electrophysiological characterization of a RGC the patch pipette was removed. The cell content was harvested with a larger pipette with 1 MΩ resistance and filled with 5 µl ic and was expelled into a microtube containing 5 µl of ice-cold 10 mM Tris (pH=8,3), 50 mM KCl, 2.5 mM MgCl 2 , 5 µM hexamer random primers, and 1 mM of each dNTP, using positive pressure. 26 U of RNAsin ribonuclease inhibitor, and 25 U MuLV reverse transcriptase were added, and the tube was incubated at 25°C for 10 min followed by 42°C for 60 min for cDNA synthesis. cDNA was then stored at -80°C. PCR amplifications were performed according to the method used by Flint et al. (28) . Primers were designed that bind to a conserved region of NR2A-D. For negative controls, a suction pipette was lowered next to a RGC and negative pressure was applied without harvesting a cell.
The product of reverse transcription reaction was amplified by two rounds of PCR using seminested primers and 10 mM Tris-HCl, pH = 8.4, 50 mM KCl, 1.5 mM MgCl 2 , 0.5 mM of each dNTP, 0.4 µM each primer, and 2.5 units Taq DNA polymerase. For the first PCR, the thermal profile was as follows: 94°C for 5 min, 5 cycles: 94°C for 30s, 48°C for 30s, ramp to 72°C for 70s, 72°C for 40 sec; followed by 35 cycles: 94°C for 30s, 53°C for 30s, 72°C for 40s and a final extension at 72°C for 10 min. The primer sequences were as follows: 5′-GGGTGATGAT-
GTT(TC)GT(GC)ATG-3′ (sense) and 5′-T(GC)CTC(TC)TGGATC-ATGAAGGC-3′ (antisense).
One microliter of the first PCR product was reamplified in a second PCR with the thermal profile: 80°C for 5 min, 35 cycles: 94°C for 30s, 53°C for 30s, 72°C for 40s, and a final extension of 72°C for 10 min. The sense primer was the same as in the first PCR reaction, the nested antisense primer had the following sequence: 5′-ATGAC(AC)GC-(AG)AAGAAGGCCCA-3′.
The PCR reaction was extensively tested for nonpreferential amplification of NR2 subunits, which is a basic requirement for the semiquantitative analysis of the following dot blot hybridization. A standard for all four subunits and different combinations of the standard for three subunits were mixed in various ratios and 10 ng of these mixtures were amplified. The overall mean distortion in the control experiments was 5.79% (n=84 PCR amplifications).
Semiquantitative blotting
PCR products (247 bp) were phenol chloroform-extracted, ethanol-precipitated, and resuspended in dH 2 O. After denaturation with NaOH and neutralization with ammoniumacetate, each PCR product was dot-blotted onto a positively charged nylon membrane containing a serial dilution of one of the four NR2 standards (50-5 ng). Standards were obtained by cloning PCR fragments (244 bp) of each NR2 subunit into an M13 vector. The membranes were hybridized with digoxygenin-labeled NR2 subunit-specific oligonucleotide probes (oligo NR2A, 5-AGAAGGCCCGTGGGAGCTTTCCC-TTTGGCTAA-GTTTC-3, oligo NR2B, 5-GGGCCTCCTGGCTCTCTGCCATCGGCT-AGGCAC-CTGTTGTAACCC-3; oligo NR2C, 5-TGGTCCACCAGGTTTCTTGCCCTTG-GTGAGGTTC-TGGTTGTAGCT-3; oligo NR2D, 5-CGTGGCCAGGCTTCGGTTATAGC-CCACAGGACTGA-GGT-3) overnight at 55°C /60°C and washed with 2×/0.1× SSC at 58°C/63°C (2A,2C/2B, 2D). With the use of CSPD for digoxygenin chemoluminescent detection, the membranes were exposed 5-30 min to X-ray films. Relative percentages of each subunit were calculated from the intensity of the hybridization signal from a sample relative to that from the plasmid standard. Each PCR product was dotted three times, and the mean value was determined. Linearity of the serial dilutions was confirmed in each experiment for the standard.
Immunohistochemistry
Eyecups were immersion-fixed for 15-30 min (age dependent) in 4% (w/v) paraformaldehyde in phosphate buffer (PB; 0.1 M, pH 7.4) at 4°C. After being washed in PB, tissues were cryoprotected overnight at 4°C. Vertical slices (10-12 µm) were cut and collected on gelatincoated slides. Endogenous peroxidases were blocked with 3% H 2 O 2 in 40% methanol. Slices were incubated for 1 h with 10% normal goat serum (NGS) or rabbit serum (Sigma) and 0.3% Triton X-100 in phosphate-buffered saline (PBST) to reduce background staining. The primary NR antibodies (Chemicon, Temecula, CA) were diluted in PBST containing 10% NGS and incubated over night at 4°C. After being washed with phosphate-buffered saline (PBS), the samples were incubated for 1 h with the biotin-conjugated secondary antibody (dilution 1:200; Vectastain Elite Kit, Vector Laboratories, Burlingame, CA) in PBST with 5% NGS. After being rinsed in PB, retinal sections were processed with an avidin-biotin-peroxidase complex (Vector Laboratories), and staining was visualized with diaminobenzidine reaction products.
RESULTS
NMDA currents in RGCs in situ
NMDA-induced currents (NMDA currents) in RGCs were measured using the patch-clamp technique in the perforated patch mode. If not otherwise stated, RGCs were held at a membrane potential (Vh) of -60 mV, and short puffs (100 ms) of 500 µM NMDA together with 10 µM glycine were applied by air pressure via a large pipette with a tip diameter of 100 µm, placed 200-300 µm away from the cell. A longer application duration of NMDA together with glycine resulted in receptor desensitization due to agonist accumulation in the retinal tissue. NMDA currents were elicited every 10 sec for 1-2 h without showing any rundown or desensitization (extracellular calcium concentration 0.2 mM).
Representative responses recorded from RGCs at different developmental ages are shown in Fig  1B. No or only very small NMDA currents could be elicited in fetal RGCs ( Fig. 1B; Fig. 2A ). This perfectly fits with our immunocytochemical studies in which NMDA receptor expression was first observed shortly before birth (6) . Large NMDA currents were elicited in all RGCs (n=71) within the first two postnatal weeks (Fig. 1B, P2-12 ; Fig. 2A ) with mean values of 91 pA (±39) in the first postnatal week (Fig. 2A, P2-5 ) and 113 pA (±41) in the second postnatal week ( Fig. 2A, P9-12) . To check for current specificity, the NMDAR antagonist D-2-amino-5-phosphonovaleric acid (D-AP5) was applied and resulted in a dose-dependent inhibition of NMDA-evoked currents in all RGCs (Fig. 1C) . In addition, Fig. 1D showed the characteristic voltage-dependent magnesium block when magnesium was present in the extracellular solution.
To our surprise, NMDA current amplitudes decreased significantly in older RGCs ( Fig. 1B; Fig.  2A , >P30) to mean values of only 16 pA (±9; n=28) at P30 and 10 pA (±3; n=12) at P60 ( Fig.  2A ). In addition, NMDA currents were only present in ~50% of the RGCs at these ages (Fig.  2B) .
Rectification properties and dose-response characteristics
The down-regulation of NMDA currents in RGC was not due to a developmental shift in their current voltage (I/V) relation (Fig. 2C) or alterations in agonist sensitivity (Fig. 2D) , since both parameters are comparable for cells at P9-12 ( Fig. 2C and D, open circles) and P30 ( Fig. 2C and D, filled circles). Each I/V relation is composed of normalized averaged responses recorded at holding potentials ranging from -120 to +40 mV (n=8 for each age). For the mean dose-response curves, data for each cell (n=6) were normalized to the current evoked by a NMDA concentration of 1000 µM.
Light-dependent regulation of NMDA currents
Since the down-regulation of NMDA currents in RGCs was always observed after eye opening, we tested whether light exposure might account for this developmental alteration in NMDA receptor function. To address this issue, NMDA currents were compared in RGCs of normal (LD) and dark-reared animals (DR). In addition, the effect of light exposure (5 days light/dark cycle) after dark rearing was assayed (DR+5LD). Figure 3 shows that both NMDA current amplitude and the number of RGCs expressing NMDA currents were subject to light modulation. At P30, NMDA current amplitudes in RGCs from DR animals (Fig. 3A , black bar) were significantly larger (mean value 92±26 pA; n=31) than those from normal LD animals (Fig. 3A , white bar; 16±9 pA; n=35) and were found in 96% of the RGCs (Fig. 3B , black bar) compared to only 47% in LD animals (Fig. 3B, white bar) . However, when animals were exposed to a normal light/dark cycle for 5 days after 30 days of dark-rearing, NMDA currents were observed in only 42% of the cells tested and again decreased (Fig. 3A , striped bar) to a value of 23±16 pA (n=20), which is comparable to that of a normal LD-reared P30 animal.
Our data indicate that light exposure can modify NMDA receptor function and that the downregulation of NMDA currents in RGCs during retinal development is induced by light-input after eye opening. Since this is a time point when synapses have been formed and the retina has become morphologically mature, it is attractive to speculate that the down-regulation of NMDAR function is related to the termination of a plastic period in the inner retina.
Regulation of NMDAR function is not mediated by changes in NMDAR subunit composition
In different brain areas, the contribution of NMDAR to glutamate signaling has been shown to decrease during development (29) (30) (31) (32) . This functional plasticity is currently attributed to alterations in the subunit composition of the NMDA channel complex, and the mechanism suggested is a replacement or supplementation of NR2B-containing receptors by NR2A-containing NMDA receptors (23, 28) . It is still a matter of debate as to whether these molecular changes are correlated with either the onset (33) or end (28, 30, 34) of a critical period of neuronal plasticity.
To test whether alterations in subunit composition can account for the developmental and lightinduced down-regulation of NMDAR function in RGCs, we correlated the molecular expression profile of NMDAR subunits with the functional properties of NMDAR in the same RGC. The coexpression profiles of NMDAR subunits NR1 and NR2A-D were analyzed qualitatively (Fig.  4) and semiquantitatively (Fig. 5) . Figure 4A shows the molecular analysis of NR2 subunit expression. On the left, a typical ethidium bromide-stained gel electrophoresis demonstrates the expression of products obtained by RT-PCR for the NR2 subunits of five RGCs harvested from a retinal slice after electrophysiological characterization. Cells 1 and 2 showed the expected 247 bp product and were further analyzed. In some cells (here cells 3 and 5), PCR amplification of single-cell cDNA additionally revealed larger bp products. This was independent of whether the nucleus was harvested or not, making it unlikely that these products were amplification products of genomic DNA. Dot blot hybridization of a gel extract showed that this product contained the same NR2 subunits as the corresponding 247 bp product but not in the same ratios. We therefore conclude that the larger products are not readily processed RNA, and RGCs showing these were not used for qualitative analysis of NR2 subunit expression.
A composite image is shown on the right of Fig. 4A of dot blots of the RT-PCR products after hybridization with digoxigenin-labeled oligonucleotide probes specific for NR2A-D. In the three left lanes (surrounded by a solid line), a serial dilution of the M13 standard (5-40 ng) was dotted for each subunit. In the first row of the three lanes (marked by arrows), 30 ng of the standard of the three other subunits were dotted to test possible cross reactions of the oligonucleotide probe. The dotted rectangle highlights the same RGC on all four blots. Chemoluminescent measurements determined that the highlighted cell expressed 15% NR2A, 35% NR2B, and 49% NR2D (see also Materials and Methods).
The age-dependent expression of subunits NR1 and NR2A-2D for all RGCs in which the RT-PCR had been successful is shown in Fig. 4B . The criterion whether a RGC expressed a distinct subunit or not was an expression level of >6% (see Materials and Methods). Whereas NR1, the subunit the expression of which is required for formation of a functional NMDAR, was present in all RGCs at any age (Fig. 4B, open squares) , age-dependent alterations were observed for NR2A-2D. However, these alterations are not correlated to the time of eye opening and first input of light. In fact, the number of RGCs expressing NR2A (Fig. 4B, open circles) increased during retinal development, comparable to what has been reported in other brain areas; however, the increase is continuous and not a function of light (Fig. 4B , dotted arrow: time of eye opening at P16). A comparison of the percentage of RGCs expressing NR2A with the percentage of RGC expressing NR2B under different light conditions at P30 showed that the RGC NR2A /RGC NR2B ratio was lower in DR animals than in normal LD animals (Fig. 4C, 0.7-0.88) . Subsequent light exposure (DR+5LD), however, did not result in an increase in the number of RGCs expressing NR2A (RGC NR2A /RGC NR2B ratio 0.67). These data suggest that dark rearing can delay the developmental increase of NR2A expression in RGCs but that the increase itself is not triggered by light and thus not responsible for the light-dependent down-regulation of NMDA receptor function.
This notion is further supported by the observation that the NR2A/NR2B ratio within a single RGC is not subject to a developmental or light-dependent alteration (Fig. 5 ). For this semiquantitative molecular analysis, the amount of mRNA for the different subunits coexpressed in a single RGC was determined relative to each other at different ages and under different light conditions. As an example for such single cell RT/PCR analysis, Fig. 5 shows the results for RGCs with a coexpression profile of NR2AB_D. The total amount of NR2 mRNA determined in an RGC was set to 1 and the ratio of each NR2 subunit was calculated (see Materials and Methods). Results from 6-16 RGCs were summarized for each age or light condition, and mean ratios of each subunit were compared. Clearly, expression pattern and subunit ratios of NR2A and NR2B did not change significantly between P2-12 and P30 in normal LD animals (Fig. 5,  left panel) . Thus the down-regulation of NMDAR amplitude in RGCs within this period from a mean value of 113 pA (±41pA) to 16 pA (±9pA) (see Fig. 2A) is not based on a shift in the cellular NR2A/NR2B ratio. Moreover, the molecular changes in NR2A and NR2B with the different light conditions were not significant and did not account for the marked lightdependent alterations in NMDAR function. The observed increase in NR2B in P30 DR animals may be explained by the role of NR2B in early developmental processes (35) that are prolonged by dark rearing but not involved in NMDAR plasticity (36, 37) .
Interestingly, analysis of NMDAR currents with the NR2B specific antagonist ifenprodil did not show significant differences in the percentage of block for the different age groups or under dark-reared conditions (Fig. 6) .
No difference in NMDAR protein expression between LD and DR animals
To investigate whether down-regulation of NMDAR function is induced by an alteration or disruption of NMDAR protein expression, we performed an immunocytochemical analysis of normal and dark-reared retinas. As an example, Fig. 7 shows immunolabeling for the functional subunit NR1 at P30. NR1 is expressed by cells in the ganglion cell layer, in the inner nuclear layer, and by horizontal cells. Additionally, two distinct narrow bands of labeling are present within the inner plexiform layer, indicating a synaptic localization of NMDAR (6) . No differences between LD and DR retinas are obvious.
Taken together, our data indicate that in contrast to what has been reported for higher brain areas, there is no evidence for a correlation between the functional plasticity of NMDAR in RGCs during retinal development and alterations in their molecular structure. Thus, the lightregulated alterations in NMDAR function seem not to be due to an altered expression of NMDAR in the retina or changes in the molecular composition of the NMDAR complex in RGCs but more likely point to a posttranslational modification.
DISCUSSION
The unique finding of the present study is that the developmental down-regulation of NMDAR function in RGCs can be induced by visual experience and modulated by changing light conditions. Such an experience-dependent receptor plasticity has not been described before for RGCs, and our data indicate that RGCs remain plastic for at least the first postnatal month. Since NMDAR currents were large and present in all RGCs in the first postnatal weeks, but only small and present ~50% of the RGCs after eye opening, we propose that NMDAR are likely to be involved in the formation of retinal synaptic connectivity but are only minor players in lightmediated signal transmission in the adult inner retina. Moreover, since synapses have been formed and the retina has become morphologically mature at the end of the second postnatal week, it is attractive to speculate that the down-regulation of NMDAR function is related to the termination of a plastic period in the inner retina.
An activity-dependent alteration in the light-evoked responses of inner retinal neurons in young mice was described by Tian and Copenhagen (38) . More recently, the same authors showed a light-regulated development on the visual-evoked signaling in retinal on and off pathways and pruning of dendrites (39) , supporting the suggestion of an activity-dependent plasticity in the mammalian retina.
Developmental regulation of NMDAR
A role of NMDAR in the development of retinal circuitry is supported by a variety of studies (20, (38) (39) (40) . Liets and Chalupa (20) have reported NMDA-evoked responses in isolated RGCs of the fetal cat retina at a time point that matches postnatal development of the rat retina, i.e. before significant outgrowth of RGC dendrites and before the formation of synaptic contacts in the inner plexiform layer. Interestingly, they have observed a decrease of unitary NMDAR conductance in older RGCs, which is further indication for a change in NMDAR contribution to excitatory signaling during retinal development. Intraocular injections of NMDA antagonists during postnatal development of the ferret resulted in enlarged RGC dendritic trees, comparable to those before synaptic rearrangement and refinement took place (S. Bodnarenko, personal communication). This finding suggests a role of NMDA receptors in the fine tuning or stabilization of synapses in response to nonsynaptic glutamate release. Since glutamatergic ribbon-synapses in the inner plexiform layer are formed around postnatal day 9 in the rat retina, it is attractive to speculate that NMDAR function is down-regulated after adult synaptic connectivity has been established. Such a developmental regulation of NMDA receptor function is also in accordance with the findings of Izumi et al. (41) , who showed that RGCs in rat retina explants are most sensitive to NMDA excitotoxicity at P9 and that from P15 on the sensitivity is strongly downregulated, remaining at a very low level in the adult.
Despite the strong evidence for a developmental role of NMDAR, one may still argue that the decrease in NMDA function results from methodological problems in such a way that NMDAR may no longer be measurable because of space-clamp problems if they are redistributed during development from the RGC soma toward the distal ends of dendrites. However, Taylor et al. (42) nicely showed that measurements in the soma of RGCs reveal the generation of minimally distorted NMDA responses in the tips of dendrites. Furthermore, space-clamp problems in distal dendrites would not reduce NMDA currents, since these are relieved from magnesium block at the same time (43) .
Light-dependent regulation of NMDAR
In higher brain areas, including the visual system, it is well established that NMDARs are involved in some forms of experience-dependent plasticity (21, 32, 33, 44 ). An early study of Carmignoto and Vicini (45) reported that the normal, developmentally regulated shortening of NMDAR currents is delayed in the visual cortex of light-deprived rats. Recent studies of the rat visual cortex show that visual experience leads to an altered NMDAR subunit composition and shortens the duration of NMDAR-mediated synaptic currents (23, 32, 33) . As a consequence, the contribution of NMDAR to excitatory signal transmission is reduced, and this change in NMDAR properties has been discussed as a requirement for either the onset (33) or the end (30) of the critical period of cortical plasticity.
In contrast to higher visual centers, we have shown here that the experience-dependent regulation of NMDAR function in the retina is not correlated to alterations in NMDAR subunit composition.
There are only two studies so far that have investigated the effect of visual experience on NMDAR subunit composition in the retina (24, 25) . Xue and Cooper (24) showed that relative to control animals raised in a diurnal light-dark cycle, a period of 1 wk dark rearing caused an increase in the relative amount of NR1 protein, a decrease in the level of NR2A, and no change in the level of NR2B subunit expression in postnatal day 12 rats. At 2 months of age, 1 wk darkrearing had less effect, and at 6 months of age, there was no difference between dark-reared and control animals. Similar developmental and light-regulated changes were reported for CamKII and its substrate the Glu-R1 receptor in the rat retina (25) . These studies together with our finding that NMDAR function can still be altered by light at P30 indicate that NMDAR plasticity in the retina is present at least up to 2 months after birth.
Some differences between the findings of Xue and colleagues (24, 25) and our data may be due to differences in the experimental design. First, they have performed their comparison between control and dark raised animals at P12, which is before just around eye opening, whereas we have analyzed P30 animals. Thus, our control animals raised in a diurnal light-dark cycle already had visual experience for more than 2 weeks compared to the P30 animals raised in complete darkness or to P12 animals. This age difference of course might influence the relative expression patterns of NR subunits.
Another difference is that their analysis was performed on the mRNA and protein level using synaptic membrane fractions of the whole retina whereas we analyzed NMDA subunit mRNA expression in single RGCs. It has been shown in a couple of immunocytochemical studies, including ours, that NMDAR are not only expressed on RGCs but also on amacrine cells (4) and even on horizontal cells (6) and that the strength of expression is different during development. Thus, developmental or light-induced alterations observed on the whole retina level do not necessarily reflect alterations observed on the single cell level.
One may argue that functional changes may be more reflected by changes in protein composition in synaptic membranes than by changes in mRNA ratios. However, there are a couple of seminal studies showing that the expression of individual receptor subunit mRNAs correlate well with the functional properties of these receptors (for review see refs 28, 31) .
What might the mechanisms of experience-dependent NMDAR down-regulation in the retina be? There are a variety of possibilities such as developmental shifts in the overall level of activity; the modulation of NMDAR by light-dependent neuromodulators, for example dopamine; or a regulation by neurotrophic factors, which are known to modulate glutamate receptor activity. Interestingly, NMDAR currents in RGC of knock-out mice lacking brainderived neurotrophic factor (BDNF) are only very small even during the first postnatal week but can be significantly increased by incubation in BDNF-containing solution for 3 h (Ladewig, Fellner, and Guenther, unpublished observations). Since BDNF in the cortex has been described to modulate glutamatergic synaptic transmission by phosphorylation of NR subunits (46) , an experience-dependent and thus activity-dependent action of BDNF on NMDAR during retinal development is possible or even likely. However, BDNF modulation of neurotransmitter receptors in the cortex is rapid, i.e., on a time scale of minutes (47) . Thus, it remains to be determined if a slower modulation on NMDAR function is also possible as would be necessary for the light-dependent down-regulation of NMDAR in RGCs.
In conclusion, the data presented here clearly show a light-dependent regulation of NMDAR that is independent of structural alterations in its subunit composition and thus different from mechanisms observed in higher visual centers. . Mean values are plotted for different ages and light conditions. Although NMDAR currrents in RGCs are down-regulated by a factor 10 between P12 and P30 in normally raised animals (LD), the NR2A and NR2B subunit level does not change significantly. The same holds true for the different light conditions. These data indicate that light-induced down-regulation in NMDAR function is not based on changes in molecular composition of the NMDAR channel. 
